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The heterogeneity of mechanical properties of friction stir welded 6082 aluminum butt joints were
analyzed with the digital of image correlation (DIC) method. The DIC method provides instantaneous
full-field strain distribution data for weld surfaces. Visualized strain field images and local
stress–strain curves of weld subzones were derived from these data. The heterogeneity was evaluated
by assessing strain concentrations in the strain field images and comparing the constitutive
parameters of weld subzones. Furthermore, by comparing these variables of different surfaces of the
weld, the potential impact of the mutual constraint between subzone materials on the heterogeneity
level was analyzed..
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Introduction. Friction stir welding (FSW) is a solid state joining technique, which
was invented at the Welding Institute (TWI) of UK in 1991 [1]. This technique creates
flawless welds of aluminum alloy joints, including certain series of high-strength alloys that
used to be considered non-weldable [2–4]. The FSW technique is widely used in the
manufacturing, and especially in the transportation industry. During the welding process,
material in the joint experiences intense plastic deformation due to high temperatures,
which results in generation of three distinct zones in the weld [5]. Those zones are: (i) the
nugget, which is the center of the weld and is constituted by small recrystallized equiaxed
grains; (ii) the thermo-mechanically affected zone (TMAZ), which is around the nugget and
adjacent to it and consists of deformed needle-shaped grains; and (iii) the heat-affected
zone (HAZ), which is next to the TMAZ and consists of larger grains than those of the
base material (BM). If the base material is also taken into account, a typical FSW weld
consists of the four parts, as is shown in Fig. 1. Noteworthy is that specimens in this study
have very narrow TMAZ zone between the nugget and HAZ, which can be revealed only
with the help of a microscope.
The variation in subzone metallurgical structure causes the variation in subzone
mechanical properties. While the nugget strength can compete with that of the base
material, the HAZ strength may be much less. This heterogeneity in subzone mechanical
properties constrains the strength of the total joint. The aim of this study is to clarify what
improvements are needed to increase the strength of the entire joint. However, measuring
the local mechanical properties of subzones with a high accuracy is yet quite problematic.
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Fig. 1. Cross section of 6082 aluminum alloy FSW joint.
The technique that is commonly used to analyze the mechanical characterization of welds is
the microhardness testing [6], which indirectly derives the constitutive parameters of
material mainly based on engineering experience [7]. Other techniques, such as using
extensometers or cutting miniature specimens from the target zone, can provide local
stress–strain data with a high-quality resolution. Based on the digital image processing and
numerical computing techniques, the digital image correlation (DIC) method analyzes
digital images taken from the specimen surface that is undergoing deformation and directly
provides the instantaneous full field strain data [8–10], from which the strain field image
and local constitutive parameters can be extracted at a high resolution.
Another aim of this study was to evaluate the degree of heterogeneity of the
mechanical properties of the Al 6082 FSW weld and to assess whether the weld subzones
deform separately or uniformly under an uniaxial tensile force. In this study, digital images
of weld specimens under tensile tests were processed using the DIC method. From the DIC
results, a series of strain field images were extracted to reveal the deformation evolution of
the joint. Local stress–strain curves were constructed and local constitutive parameters
were measured. In addition, significant differences between heterogeneity levels that
appeared on various surfaces of the weld led to further analysis of the mutual constraints of
subzone material that could partly neutralize such heterogeneity when the weld was
deformed as a whole.
1. Experimental Procedure. Butt welds created by FSW on 5 mm thick plates are
tested. The base material is 6082 aluminum alloy, which is widely used in the manufacturing
of high-speed train carriages. The FSW parameters are shown in Table 1. This set of
parameters was utilized in our earlier experiments; therefore, the ability to obtain robust
and flawless joint welds was already established.
After the joint weld was made, three longitudinal specimens were taken from the
welded plate, and an additional specimen was taken from an unwelded 6082 plate. The
configuration and size of the specimens, which are shown in Fig. 2, were compliant to the
ISO 4136-2001 standards, and a coordinate system was established defining the specimen’s
length as y-direction, width as x-direction, and thickness as z-direction. The welded
specimen upper and lower surfaces were milled on a plane, ensuring a uniform thickness.
The tensile tests were performed under room temperature conditions using a 30 kN universal
testing machine with a 2 mm/min tensile load rate.
T a b l e 1
FSW Parameters
Plate thickness
(mm)
Pin length
(mm)
Pin diameter
(mm)
Shoulder
diameter (mm)
Rotational
speed (rpm)
Welding speed
(mm/min)
5 4.7 4 20 1800 200
Fig. 2. Specimen design.
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The DIC procedure requires a random speckled pattern to be sprayed onto the
specimen target surface before the tensile test. For the purpose of raising the DIC analysis
accuracy, the black speckled pattern must uniformly cover the white background, devoid of
losing its randomness, as shown in the upper part of Fig. 3. A charge-coupled device (CCD)
camera mounted on a tripod was placed in front of the specimen, and its position was
carefully adjusted so that the axis of its lens was perpendicular to the specimen surface.
During the tensile test, this camera produced two images of the specimen surface per
second, and all of these images were saved with time information in their file name. At the
beginning of each test, certain measures were taken to ensure that operation of the universal
testing machine and the camera started simultaneously, thus the stress and strain data could
be matched with the minimal error in time. After the tensile tests, the images were
processed by a professional DIC software package (VIC2D), which provided field
displacement and strain data for each image. The lower section of Fig. 3 shows a processed
image representing the instantaneous strain field on the back of the specimen surface at
0.5 s before it cracked.
Since the FSW joint geometry is quite complex, the DIC results of one surface do not
represent the strain distribution pattern of the total joint. Around the tensile force axis, there
were four surfaces for each specimen. Considering that two side surfaces of the joint cross
section are symmetrical, only three surfaces need to be analyzed. The most reliable
procedure to analyze three different directions of a specimen would be simultaneous
capturing of images of the specimen three surfaces. However, due to the limitations of
having just a single camera available, the three surfaces could only be analyzed from the
tensile tests. Therefore, three specimens were sprayed on different surfaces. The first
specimen was the front surface, into which the tool pin was plunged and was perpendicular
to the z axis. The second specimen was the back surface, which was adjacent to the back
plate and was perpendicular to the z axis. The third specimen was the side surface, which
was the cross section of the joint and was perpendicular to the x axis. Thus, the entire FSW
joint was analyzed, and strain fields in three directions were observed. To ensure that three
DIC results were comparable and reliable enough to represent the identical joint condition,
the camera installation and DIC parameters remained unchanged during the three tests.
Since the DIC method does not provide stress data for constructing the local
stress–strain curves, while no methods for measuring the instantaneous local stress are
Fig. 3. Speckled pattern and DIC result.
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currently available, therefore the local stress data were replaced with the uniform stress
data obtained using the universal testing machine. Researchers [11, 12] have certified the
accuracy of this method by comparing the 0.2% yield stress obtained by the DIC and by
extensometer, which indicated that these two results differed less than by 4%.
2. Results and Discussion. Figure 4 depicts the local stress–strain curves from
different subzones of the lower surface. Strain concentration of this surface has the best
correlation with the subzone location. Five testing points were selected along the center
axis of the specimen, representing BM/HAZ on the advancing side (AS), and nugget,
BM/HAZ on the retreating side (RS). The TMAZ was not tested because the limited CCD
resolution made it impossible to accurately identify this subzone in the images. Moreover,
in the strain field images, this subzone did not demonstrate a clear contour, but appeared as
a narrow transitional area between the nugget and HAZ.
In Fig. 4, there are two straight lines that manifest a monotonic increase, which
represents the deformation process of AS BM and RS BM. This proves that the material in
BM did not yield until it cracked. The 0.2% yield stresses of both HAZs are nearly identical
(about 120 MPa). The ultimate strength of AS HAZ is approximately 200 MPa; however,
because no actual failure happened in this area, the ultimate strength of RS HAZ could not
be accurately measured from the plot in Fig. 4. However, a slight difference between the
curves of the two HAZs implies a small difference between the respective two ultimate
strengths. This result indicates the behavior earlier observed via the strain measurements,
which initially showed simultaneous strain concentrations in the two HAZs that ultimately
increased due to their competition. The RS HAZ eventually stopped growing. This
competitive behavior is shown in Fig. 5. The similarity between the stress–strain curves of
the two HAZs suggests that the significant difference in the densities of the two HAZ strain
concentration belts can be attributed not to any significant difference in their mechanical
properties, but to the fact that necking happened first in the AS HAZ.
The local mechanical properties of different zones of the joint are shown in Table 2.
The data in Table 2 show that the 0.2% yield stress of HAZ dropped to 41% of BM, the
ultimate strength dropped to 63% of BM, while elongation remained the same.
Fig. 4. Local stress–strain curves of the specimen lower surface on the advancing side (AS) and
retreating side (RS).
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The constitutive parameters obtained from the upper surface are given in Table 2 with
small discrepancy/error, yet the data extracted from the side surface are significantly
different. The local stress–strain curves of the side surface are shown in Fig. 6: although the
latter curves are quite coarse because of the limited width of the side surface restricting the
DIC resolution, basic trends could still be observed and parameters could be estimated with
a sufficient accuracy. Curves of AS HAZ, nugget, and RS HAZ almost coincide, while the
0.2% yield stress of these subzones vary slightly around 150 MPa. As compared to the
upper and lower surfaces, the mechanical properties of the side surface are more uniformly
distributed.
Strain field images of the three surfaces are compared in Fig. 7, which shows their
differences more clearly. These images represent the strain distribution at 0.5 s before
cracking begins. The upper and lower surfaces demonstrate a concentrated large strain belt
(the maximum value is 0.232) at the AS HAZ and a strain concentration belt with less
intensity at the RS HAZ. This type of concentration is less obvious at the side surface,
which represents the inner part of the weld. The highest strain (about 0.07) observed on the
side surface is much lower than those on the upper and lower surfaces. The joint
mechanical properties manifest a significant heterogeneity of the upper and lower surfaces,
but show a relatively mild homogeneity of the side surface. Additionally, the absence of a
pronounced area on the edge of the side surface is observed, which means that the large
strain observed in the other two surfaces may be constrained within a very thin layer on and
below the surface. This phenomenon may be caused by the mutual restraint between the
adjacent materials belonging to different subzones. The adjacent materials with different
mechanical properties restrain each other and are deformed following their own constitutive
equations without affecting the adjacent material deformation. Thus, they cooperate with
each other and demonstrate common properties as a whole. At the upper and lower
surfaces, the HAZs are located in the belt area perpendicular to the tensile force. The
T a b l e 2
Local Mechanical Properties of Al 6082 FSW Joint (Lower Surface)
Zone 0.2% yield stress
(MPa)
The ultimate strength
(MPa)
Elongation
(%)
BM 290 320 19
Nugget 135 – –
RS HAZ 120 200 20
Fig. 5. Strain growth competition between AS HAZ and RS HAZ.
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deformation in the tensile direction of these HAZs does not affect the adjacent materials in
the BM or nugget, while the HAZ belts at the side surface have a nonrectangular angle with
the tensile direction. Therefore, HAZ material deformation is partially restrained by the
adjacent BM or nugget material. The mutual restraint assumption may imply the following
two possibilities. Firstly, if a complex-shaped HAZ geometry can be achieved, this will
result in a higher homogeneity of its mechanical properties and, thus, in the improvement of
the joint strength. Secondly, a higher homogeneity may be attained by strengthening the
surface material. However, these two possibilities require a further verification.
Fig. 6. Local stress–strain curves of the side surface.
Fig. 7. Strain fields of different surfaces at 0.5 s before cracking.
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Conclusions. The results of this work provide the full field strain distribution and
local constitutive parameters of Al 6082 FSW welds. The mechanical property heterogeneity
was evaluated both qualitatively and quantitatively. It was concluded that the weld showed
obvious heterogeneity in its local mechanical properties.
1. The ultimate strength of HAZ was below the yield strength of BM, while the yield
strength of HAZ was 11% below that of the nugget.
2. The reason for more uniform deformation of the inner part of the weld than that in
the surface layers during the same tensile process can be reduced to the fact that the mutual
constraints of subzone material may partly neutralize the heterogeneity of the mechanical
properties when the weld is deformed as a whole.
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